Translocator protein (TSPO) (18 kDa), formerly called the peripheral benzodiazepine receptor, is upregulated on activated microglia and macrophages and is, thus, a biomarker of inflammation. We previously reported that an 11 C-labeled aryloxyanilide (half-life, 20 min) was able to quantify TSPOs in the healthy human brain. Because many PET centers would benefit from a longer-lived 18 F-labeled radioligand (half-life, 110 min), the objective of this study was to evaluate the ability of a closely related aryloxyanilide ( 18 F-N-fluoroacetyl-N-(2,5-dimethoxybenzyl)-2-phenoxyaniline [ 18 F-PBR06]) to quantify TSPOs in the healthy human brain. Methods: A total of 9 human subjects were injected with 18 F-PBR06 (;185 MBq) and scanned for 5 h, with rest periods outside the camera. The concentrations of 18 F-PBR06, separated from radiometabolites, were measured in arterial plasma. Results: Modeling of regional brain and plasma data showed that a 2-tissue-compartment model was superior to a 1-tissue-compartment model. Even if data for all time points were used for the fitting, concentrations of brain activity measured with PET were consistently greater than the modeled values at late (280-300 min) but not at early time points. The greater values may have been caused by the slow accumulation of radiometabolites in the brain. To determine an adequate time for more accurate measurement of distribution volume (V T ), which is the summation of receptor binding and nondisplaceable activity, we investigated which scan duration would be associated with maximal or near-maximal identifiability. We found that a scan of 120 min provided the best identifiability of V T (;2%). The images showed no significant defluorination. Conclusion: 18 F-PBR06 can quantify TSPOs in the healthy human brain using 120 min of image acquisition and concurrent measurements of radioligand in plasma. Although brain activity is likely contaminated with radiometabolites, the percentage contamination is thought to be small (,10%), because values of distribution volume are stable during 60-120 min and vary by less than 10%. 18 F-PBR06 is a longer-lived and promising alternative to 11 C-labeled radioligands to measure TSPOs as a biomarker of inflammation in the brain.
the peripheral benzodiazepine receptor, is a mitochondrial protein that is highly expressed in phagocytic inflammatory cells, namely macrophages in the periphery and activated microglia in the central nervous system (1, 2) . Although the ligand 11 C-PK 11195 and its active enantiomer 11 C-(R)-PK 11195 have been used for in vivo imaging of peripheral benzodiazepine receptors (PBRs) for the past 2 decades (3), the ratio of specific to nonspecific binding has not been rigorously measured, but it is likely quite low. For example, even in human glioblastoma where TSPOs are expressed with high density, only 30% of total activity was due to specific binding (4) . The relatively low affinity (index of the affinity [K i ] is 1-4 nM) and high lipophilicity (index of the lipophilicity [logD] is 3.97) of PK 11195 likely cause, respectively, low levels of specific binding and high levels of nondisplaceable activity.
In the past several years, several improved PET ligands from new structural classes have been developed, including aryloxyanilide-based ligands such as 11 C-DAA1106 (5), 18 F-FEDAA1106 (6), 11 C-PBR01 (7), 11 C-PBR28 (7), 18 F-PBR06 (8) , and 18 F-FEPPA (9); pyrazolopyrimidine-based ligands such as 11 C-DPA-713 (10) and 18 F-DPA-714 (11); the 18 F-labeled analogs (12) ; and the dihydropurinylacetamide 11 C-AC-5216 (13) . Because these ligands have 1.3 times ( 18 F-DPA-714) to several times higher affinity and lower lipophilicity than PK 11195, they are expected to show higher levels of specific binding and lower levels of nondisplaceable activity. In fact, in rat models of neuroinflammation, 11 C-DAA1106 (14) and 11 C-DPA-713 (10) showed a greater contrast between lesioned and nonlesioned areas than did 11 C-(R)-PK 11195.
Previous studies from our laboratory measured specificto-nondisplaceable ratios of 2 ligands developed in our laboratory: 11 C-PBR28 and 18 F-N-fluoroacetyl-N-(2,5-dimethoxybenzyl)-2-phenoxyaniline ( 18 F-PBR06). These were initially tested in monkeys by comparing distribution volumes obtained with a metabolite-corrected arterial input function under baseline and binding blockade conditions (8, 15) . Both of these ligands showed high specific-to-nondisplaceable ratios (9:1). After the promising results obtained in monkeys, we used compartmental modeling to successfully quantify 11 C-PBR28 binding in healthy humans (16) .
The current study tested the ligand PBR06-which was labeled with 18 F-in healthy humans. 18 F has the advantage of having a longer half-life than 11 C (110 min vs. 20 min) and a lower positron energy (650 keV vs. 960 keV). The half-life of 18 F allows a long period of data acquisition, which may be required to measure significantly increased binding site density. The half-life is sufficiently long to allow distribution of the radioligand for use at nearby PET centers having no cyclotron, as routinely done for 18 F-FDG. In addition, 11 C-PBR28 and 18 F-PBR06 have different properties. PBR06 has a K i of 1.0 nM and logD of 4.1 (17) . The affinity (1/K i ) of PBR06 is 2.5 times greater than that of PBR28, and its lipophilicity is 100 times greater (7, 17) . This higher affinity would be expected to cause higher brain activity, but the high logD of 4.1 would be expected to cause lower passage through the blood-brain barrier than would the logD of PBR28 because of greater levels of nonspecific binding to plasma proteins (18) .
In the current study, we evaluated the ability of 18 F-PBR06 to quantify PBRs in the human brain. We sought to determine whether brain uptake was better quantified with a model having a single compartment (e.g., only specific binding) or 2 compartments (e.g., both specific and nonspecific binding), how well the primary measure of receptor binding (total distribution volume [V T ]) was identified, and whether stable values of V T were attained during the scanning session.
MATERIALS AND METHODS

Radiopharmaceutical Preparation
18 F-PBR06 was prepared by treating its bromomethyl analog with 18 F-fluoride ion and purified with reversed-phase highperformance liquid chromatography (HPLC) (17) . The radioligand was prepared according to our Investigational New Drug Application 23195, which was submitted to the U.S. Food and Drug Administration (a copy is available at: http://pdsp.med.unc.edu/ snidd/). The radioligand was obtained in a state of high radiochemical purity (.99%). The chemical purity was 88% 6 15%. Specific activity at the time of injection was 185 6 64 GBq/mmol (mean 6 SD).
Human Subjects
Nine healthy volunteers (6 men and 3 women; age, 32 6 10 y) participated in this study. All subjects were free of current medical and psychiatric illness based on history, physical examination, electrocardiogram, urinalysis (including drug screening), and blood tests (complete blood count, serum chemistry, thyroid function test, and antibody screening for syphilis, HIV, and hepatitis B).
PET
After an injection of 18 F-PBR06 (173 6 25 MBq) over 1 min, 3-dimensional dynamic PET scans were acquired on an Advance camera (GE Healthcare) for 300 min in 45 frames of increasing duration from 30 s to 5 min. All PET images were reconstructed by filtered backprojection, with a full width at half maximum of 7.5 mm, and corrected for attenuation and scatter. Subjects had 3 rest periods (30 min each) outside the camera, beginning at approximately 120, approximately 180, and approximately 240 min after injection of the radioligand. One transmission scan was acquired before 18 F-PBR06 injection. The position of the transmission scan was corrected for motion before applying attenuation correction. Head movement was corrected after the scan by realigning all images from each subject using Statistical Parametric Mapping (version 5 [SPM 5]; Wellcome Department of Cognitive Neurology).
MRI
To identify brain regions, MRI scans of 1.2-mm contiguous slices were obtained with a 1.5-T Signa device (GE Healthcare). Three sets of axial images were acquired using a spoiled gradientrecall sequence with the following parameters: repetition time, 12.4 ms; echo time, 5.3 ms; flip angle, 20°; and matrix, 256 · 256.
Measurement of 18 F-PBR06 in Plasma
Blood samples (1 mL each) were drawn from the radial artery at 15-s intervals until 150 s, followed by 3-mL samples at 3, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150 , and 180 min. Radioactivity in plasma was quantified and corrected for radiometabolites using radiochromatography (HPLC; methanol:water: triethylamine, 75:25:0.1 by volume at 2.0 mL/min) with acetonitrile extracts from plasma (15, 19) . Radioanalysis was performed using reversed-phase HPLC consisting of a Novapak C 18 column (4 mm, 100 · 8 mm; Waters Corp.). Radiochromatographic data were collected and smoothed with Bio-Chrome Lite software (Bioscan) and were decay-corrected until time zero of each radiochromatogram. The plasma time-activity curve was then corrected with the fraction of unchanged radioligand. The plasma free fraction (f P ) of 18 F-PBR06 was measured as described previously (20) .
Image Analysis
Preset volumes of interest were positioned on the subject's MR image and then transferred to the coregistered PET images using the following methods. Images were reconstructed on a 128 · 128 matrix with a pixel size of 2.0 · 2.0 · 4.25 mm in the x-, y-, and z-axes, respectively. Frames from 0 to 15 min of the PET scan were averaged to create a single image showing good delineation of cerebral cortices. A total of 3 MR images were realigned, and an average image was created to improve the signal-to-noise ratio using SPM 5 for each subject. The average MR image was coregistered to the average PET image, and both MR and PET images were spatially normalized to a standard anatomic orientation (Montreal Neurologic Institute space) by obtaining parameters from the MR image, again using SPM 5 for each subject. Preset volumes of interest were placed on the average of spatially normalized MR images overlying the following 11 regions: frontal cortex (27.2 cm 3 ), parietal cortex (26.6 cm 3 ), occipital cortex (31.2 cm 3 ), temporal cortex (25.0 cm 3 ), medial temporal cortex (14.4 cm 3 ), caudate (5.6 cm 3 ), putamen (6.5 cm 3 ), cingulate (7.5 cm 3 ), thalamus (12.6 cm 3 ), pons (10.6 cm 3 ), and cerebellum (51.2 cm 3 ).
Estimation of Distribution Volume with Radiometabolite-Corrected Arterial Input Function
Distribution volume is an index of receptor density and is equal to the ratio at equilibrium of the concentration of radioligand in tissue to that in plasma. V T includes the concentrations of all radioligand in tissue (i.e., specific binding [receptor-bound] and nondisplaceable uptake [nonspecifically bound and free radioligand in tissue water]). The equilibrium value of V T was calculated kinetically from time-activity measurements of brain tissue using PET and measurements of the parent radioligand in plasma.
Time-activity data were analyzed with both 1-and 2-tissuecompartment models. The input function was corrected for radiometabolites and was calculated as the linear interpolation of the concentrations of 18 F-PBR06 before the peak and as a triexponential fit of concentrations after the peak. Rate constants (K 1 , k 2 , k 3 , and k 4 ) in standard 1-and 2-tissue-compartment models were estimated with the weighted least-squares method and the Marquardt optimizer. Brain data for each frame were weighted relative to other frames by assuming that the SD of the data was proportional to the inverse square root of noise equivalent counts. Each frame was weighted with the inverse square of the SD. Each model configuration was implemented to account for the contribution of activity to cerebral blood volume. Each model used measured whole-blood activity to assume that cerebral blood volume was 5% brain volume (21) . The delay between the arrival of 18 F-PBR06 in the radial artery and brain was estimated by fitting the whole brain, excluding the areas of mostly white matter.
We followed the recently proposed consensus nomenclature for reversibly binding radioligands (22) , where V T is total distribution volume, including specific and nondisplaceable uptake, and BP ND is a ratio of specific-to-nondisplaceable activity. Image and kinetic analyses were performed using pixelwise modeling software (PMOD 2.80; PMOD Technologies Ltd.) (23) .
Statistical Analysis
Goodness of fit by nonlinear least-squares analysis was evaluated using Akaike's information criterion (AIC) (24) and model selection criterion (MSC) (16) ; the latter is a modified version of the AIC proposed by Micromath Scientific Software. The most appropriate model is that with the smallest AIC and the largest MSC value. Goodness of fit by 1-and 2-compartment models was compared with F statistics that accounted for the number of variables in each model (25) . A P value of less than 0.05 was considered significant for F statistics.
The identifiability of the kinetic variables was calculated as the SE of nonlinear least-squares estimation from the diagonal of the covariance matrix (26) . The identifiability (i.e., SE) was expressed as a percentage of the rate constant itself. A smaller percentage indicates better identifiability.
Group data are expressed as mean 6 SD.
RESULTS
Pharmacologic Effects
On the basis of patient reports, electrocardiogram, blood pressure, pulse, and respiration rate, the injection of 18 F-PBR06 caused no pharmacologic effects during the 5-h scans. In addition, no significant effects were noted in any
Plasma Analysis
The concentration of 18 F-PBR06 peaked and rapidly declined thereafter, following a curve that was well fitted as a triexponential function, which showed average halflives of 0.5, 5, and 450 min. Calculated as the partial area under the concentration-versus-time curve, 0.5, 5, and 450 min accounted for 17%, 27%, and 56%, respectively, of the area under the curve from peak to infinity. The concentration of 18 F-PBR06 in plasma is shown in Figure 1A .
Reversed-phase HPLC showed the presence of 2 radiometabolites of 18 F-PBR06, which appeared quickly in plasma and later became the predominant components (Figs. 1B and 1C) . The radiometabolites eluted earlier than did 18 F-PBR06, indicating that they were less lipophilic than 18 F-PBR06. At 30 min, the less lipophilic of the 2 radiometabolites (47%) eluted in the void volume of the column at 2.6 min; the more lipophilic radiometabolite (16%) eluted at 4.5 min. The parent (37%) eluted at 6.7 min. The f P of 18 F-PBR06 was 2.1% 6 0.4%. There was no significant correlation between V T and f P values.
Radioactivity in Brain and Skull
After 18 F-PBR06 injection, all subjects showed moderate levels of brain activity that washed out gradually. The peak uptake occurred at 3 min and was approximately 170% of standardized uptake value (Fig. 2) . Brain activity decreased to 50% of the peak by 60 min and to 30% of the peak by 240 min. As expected from the known distribution of TSPOs in the human brain (27, 28) , the distribution of activity was widespread and fairly uniform in the gray matter of cerebral cortices, cerebellum, basal ganglia, and thalamus (Fig. 3) . Because no brain region lacks TSPO expression, we did not apply a reference region method in the kinetic analysis.
Fluorine-labeled radioligands may be metabolized by defluorination, with subsequent uptake of 18 F-fluoride ion into bone, including the skull. In this study, however, no significant defluorination was found ( Fig. 3 and Supplemental Fig. 1 ; supplemental materials are available online only at http://jnm.snmjournals.org).
Kinetic Analysis
We compared 1-compartment and unconstrained 2-compartment models by studying the results obtained from the full 5-h session. On the basis of F test, AIC, and MSC results, for all regions of all subjects the unconstrained 2-tissue-compartment model provided a significantly better fit than did the 1-tissue-compartment model (Fig. 2) . In addition, the unconstrained 2-compartment model provided good identifiability of approximately 3%24% and moderate intersubject variability (SD/mean) of approximately 30% for V T . Therefore, the unconstrained 2-compartment model described the data well, consistent with the presence of large amounts of both specific and nonspecific binding in the human brain. The blood volume correction did not substantively affect the results.
Although the unconstrained 2-tissue-compartment model showed good fit for the 5-h dataset as a whole, the fitting consistently overestimated the measured values at late time points (Fig. 2) . Essentially, the measured brain activity was greater than that predicted from using only the parent radioligand in plasma as the input function. These results are consistent with the accumulation of radiometabolites in the brain, especially at later time points. As expected from this overestimation (Fig. 2) , V T values increased with longer scan lengths (Figs. 4A and 4B) .
To determine an optimal scan length, we calculated identifiability and V T for varying durations of scan data. Truncating the scan data from 0-100 to 0-60 min consistently worsened identifiability (i.e., increased the SE expressed as a percentage of V T itself [SE(%)]; y-axis on right in Fig. 4A ). With scan data less than 50 min, the fitting did not even converge. With data longer than 120 min, identifiability also became worse. Thus, a scan length of 120 min had the best identifiability and also avoided the accumulation of radiometabolites that likely occurred after that time. Furthermore, even if the 60-min value of V T was correct, the value from 120 min of scanning was within 10% of this correct value (Fig. 4B ). There was almost no effect of scan duration on the SD of V T values across subjects.
As noted above, the optimal method of quantitation used the unconstrained, 2-tissue-compartment model with the initial 120 min of data. Using this method, we calculated V T in 10 regions in all 7 subjects (Supplemental Table 1 ). The curves had excellent goodness of fit, with low values of AIC (;140) and high values of MSC (;4) (Supplemental Table 1 ). Although k 2 and k 3 were not as well identified (identifiability, 8%219%), K 1 , and k 4 had good identifiability (6%213%); most important, V T had excellent identifiability (2%25%) for a composite ratio of variables. The coefficients of variation of V T across subjects were around 26%234%.
DISCUSSION
This initial evaluation of 18 F-PBR06 in healthy human subjects showed that brain uptake can be robustly calculated as V T using an unconstrained 2-tissue-compartment model. Compartmental analysis of the unusually long image acquisition (5 h) showed that radiometabolites may slowly accumulate in the brain, thereby causing V T to be overestimated. The identifiability of V T was best (i.e., achieved a minimal value of ;2%) using 2 h (120 min) of scan data. In addition to providing optimal identifiability, 120 min of scan data also provided excellent goodness of fit with the unconstrained 2-tissue-compartment model. Because V T depended on scan length, we recommend acquiring images for the same duration in all subjects, specifically 2 h, and using V T obtained by an unconstrained 2-tissuecompartment model to measure TSPOs in the healthy human brain.
Possible Influences of Radiometabolites in Quantification
We were able to acquire images for 5 h, which is longer than most PET studies with 18 F as the radionuclide. Compartmental analysis of the 5 h of data suggested that radiometabolites accumulated slowly in the brain. That is, the concentrations of radioactivity in the brain at late time points were always higher than those calculated assuming that only parent radioligand entered the brain (i.e., compartmental modeling using 18 F-PBR06 levels as arterial input) (Fig. 2) . In addition, V T values increased commensurate with increasing scan durations (Figs. 4A and 4B) . The relative concentration of PBR06 in the rat brain 30 min after injection was 90.4% 6 0.2% of the total activity (17) . This value may decrease at later time points. The chemical identity of the radiometabolite in the human brain is not known, but studies in rats suggest it may be 18 F-Nfluoroacetyl-p-phenoxyaniline (17) . This radiometabolite (computed logD, 2.97) was extracted from the rat brain after injection of 18 F-PBR06 and has the same retention time as peak B in radiochromatograms of human plasma (Fig. 1C) .
When radiometabolites show small contributions to brain activity, the optimal scan length is commonly determined as the minimal scan length after which the measurement of V T becomes independent of the data length. However, if radiometabolites may slowly accumulate in the brain, we know of no standard approach to determine optimal scan length. In the absence of clear guidance, we selected the scan length based on the time when identifiability of V T achieved its best (i.e., smallest) value and also when the measurement of V T showed a small influence from the data length. Identifiability was large with scans of short (1 h) or long (5 h) duration. A minimal value of identifiability (;2%) was achieved with about 2 h of image acquisition (Figs. 4A and 4B) . Nevertheless, brain scans from 2 h may have been contaminated by radiometabolites, and shorter acquisition would have been more accurate. If we assume that the shortest acquisition is the most accurate, then the results from 60 min would be the comparator, because fitting of less than 60 min typically did not even converge. In all subjects, V T was calculated using unconstrained 2-tissue-compartment model and then averaged. Scans were analyzed using brain data from time 0 to specified time on x-axis. V T was expressed as percentage of terminal value for thalamus (s) and temporal cortex (d). SE(%) was also shown for thalamus (h) and temporal cortex (n). Terminal value of V T was calculated from either entire 300 min of scanning (A) or only initial 120 min (B).
With this worse-case comparison, the values of V T from 120 min of scanning are still within 10% of those using 60 min of data and have even better identifiability than those using 60 min of data (Fig. 4B) . The optimal scan length can be different in patients who would presumably have higher V T values.
Comparison with 11 C-PBR28 in Humans and Monkeys
In a previous study, we measured V T /f P of a closely related radioligand, 11 C-PBR28, in humans (16) and rhesus monkeys (15) and found a 20· greater V T /f P in the monkey brain. When we compared the V T /f P results obtained in this human study of 18 F-PBR06 with results previously obtained for rhesus monkeys (8), we found a similar difference in V T /f P between these species. The V T /f P of 18 F-PBR06 was approximately 100 mL/cm 3 (f P , 2.1%) in humans and 1,700-2,900 mL/cm 3 (f P , 3.5%) in monkeys, respectively. Therefore, our PET studies using both radioligands confirm TSPO density differences between humans and rhesus monkeys reported in postmortem studies of a limited number of brain regions (27, 29) .
Notably, in rhesus monkeys, a 1-tissue-compartment model adequately described the brain kinetics of 11 C-PBR28 (15), whereas in humans, a 2-tissue-compartment model was necessary (16) . One possible reason for this difference is that, in comparison to the monkey brain, the human brain has 1/20th the amount of specific binding and therefore a higher percentage of nonspecific binding. However, to describe the brain kinetics of 18 F-PBR06, a 2-tissue-compartment model was needed in both monkeys and humans. The reason for the differences between 11 C-PBR28 and 18 F-PBR06 are not clear, but the higher lipophilicity (logD: PBR06, 4.1, and PBR28, 3.0) and higher affinity (K i : PBR06, 1.0 nM, and PBR28, 2.5 nM) of 18 F-PBR06 may have caused kinetic brain behaviors to differ from those of 11 C-PBR28. Direct comparison of these radioligands in the same subjects will provide further understanding of the differences between these 2 radioligands and their respective advantages. In monkeys, V T values became independent of data length when data of 150-200 min or longer were analyzed (8) . The findings in monkeys contrast with those in humans, showing a gradual increase of V T (Fig. 4) . Twenty times difference in receptor density is likely to be a major source of the difference between these species. In humans, V T /f P from 5-h data was 22 mL/cm 3 , 21% greater than that from 120-min data. That magnitude of the difference would not cause a substantial difference in monkeys because V T /f P is 20 times greater. Likewise, the influence of radiometabolites may not be so big in inflammatory areas as in the normal human brain because of the increased TSPO levels.
A Possible Alternative Measure of Receptor Binding
Although V T was used as the main measure of receptor binding in this study, BP ND is, hypothetically, a possible alternative measure of receptor binding. Measuring BP ND requires fewer resources than does measuring V T , because BP ND does not require arterial blood sampling or HPLC measurement of metabolite-corrected arterial input function. However, reference tissue models require a brain region without specific binding as the reference region. The measurement of reference tissue models is a ratio of V T in regions to be studied to V T in a reference region. The reference region can be either a region without a binding site or a binding site that does not change between groups.
However, in this study, the average identifiability of BP ND estimated by the nonlinear least-squares method was around 10%, suggesting that BP ND is not suitable as a possible alternative of V T .
CONCLUSION
Binding of 18 F-PBR06 in the healthy human brain was well identified with an unconstrained 2-tissue-compartment model using 120 min of scan data. The identifiability of V T from both shorter and longer scan durations was worse than that from 120 min. In addition, longer scans are likely contaminated by the slow accumulation of radiometabolites in the brain. Similar to our previously reported 11 C-labeled radioligand PBR28, 18 F-PBR06 is a promising PET tool to measure inflammation in the brain. 18 F-PBR06 has a longer half-life and a shorter positron range, which will allow studies to be performed at greater distances from the radiochemistry production facility.
